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In th& present part I of a series of reports on the 
inward 'bulee type "buckling of monocoaue cylinders the 
"buckling load in com'bined "bending and compression is 
first derived* Xfext the reduction in the "buckling load 
"beqause of a nonlinear direct stress distri^bution is de- 
terniined. In eacperiments nonlinearity may result from an 
inadequate stiffness of the end attachments » in actual 
airplanes from the existence of concentrated loads or 
cut-outs, Ihe effect of a shearing force upon the crit- 
ical load is investigated through an analysis of the re- 
sults of tests carried out at G-AlCIf with 55 reinforced 
moaocoq^ue cylinder's, finally a simple criterion of gen- 
eral insta'bility is presented in the form of a "buckling 
inequality which should he helpful to the designer of a 
monocoque in determining the sizes of the rings ret^uired 
for excluding the possihility of inward "bulge type "buck- 
ling. 



iarge monocoque fuselages reinforced hy closely 
spaced stringers and rings are likely to "buckle, when 
loaded, according, to a j^attern which involves simultane- 
ous distortions of the stringers, the rings,, and the 
sheet covering, tPhie type of "buckling is known, as gen- 
eral insta'bility, She details of the pattern vary with 
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the loading. Vhen the maximum stress in the fuselage is 
caused mainly a "bending moment, which may "be accompa- 
nied "by a small shear force, compressive force, or torque, 
the character let ie feature of the distorted shape is an 
inward "bulge extending symmetrically from the stringer 
that is most highly stressed in oompression* (See fig. 
1.) In some cases there Is a single inward "bulge; in 
others several appear along the most highly stressed com- 
pressive stringer, and. these may oocur when the "bending 
iR^ment is constant over a uniform portion of considera'ble 
length of a monocoq[ue cylinder. Often a few shallower 
secondary "bulges appear alongside the main "bulges, "but in 
all the oases so far o"b&erved the distortions are re- 
stricted to the neighborhood of the stringer most highly 
stressed in compression. 3?his type of general insta'bility 
is denoted as inward bulge type buckling. 

Calculations of the critical load corresponding to 
the inward bulge type buolcling were first published by 
Roff in 1938 in reference 1, In which a single experiment 
was also described, She derivation of the critical load 
was accomplished with the aid of the Sayleigh-Si-tz- 
Eimoshenko method, and the strain energy stored in the 
sheet covering was neglected. $he first extensive series 
of tests was carried out at and was reported in 

reference 2, Comparison of the test results with the 
theory of reference 1 showed great discrepancies, and the 
use of a semi-empirical formula was suggested. In ref&r- ■ 
enoe 3 Hoff revised hie theory in the light of this new 
experimental evidence. She following are the basic ideas ' 
of the revised theoryt 

She strain energy stored in the sheet covering is 
negligibly small, and the shapes of the deflections of 
the rings and the stringers a.re governed by the least 
work requirement regardless of the strain energy stored 
in the sheet, Ihe size of the bulge in the circumferen- 
tial direction, however, is governed by the state of the 
sheet, Ihe bulge extends only to regions where the shear 
rigidity of the panels is reduced because of the buck- 
ling of the sheet between the rings and the stringers. 
The circumferential length of the bulge is characterized 
by the parameter n which is the ratio of rt to the 
angle cpo measured (in radians) from the stringer which 

is most highly stressed in oompression to the stringer 
v/here the deformation of the ring ends. As a ruld, n 
is greater than 2, since the bulge is not likely to ex- 
tend to the tension side of the ©onocoque cylinder. 
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Ihere is no theory availaTjle, however, "by which the actual, 
value of n could he determined. In reference 3 it was 
suggested that a chart developed from the data of the 
GAIiOII experiments "be used for this purpose. 

Ihe ohject of the present investigations is to Iw 
prove upon the theory of references 1 and 5* It is he- 
lieved that the crucial point in the development of a 
rigorous and reliable theory is an understanding of the 
action of the sheet covering. As a contribution to-ward 
this understanding the effect of a comprassive load upon 
the critical stress of general instability in a "beat mo- 
nocoq^ue cylinder is calculated in the third section of 
this report. In the formula developed, the parameter n 
appears. It is hoped that an experimental investigation, 
to he reported in part II of the present series dealing 
with the inward "bulge type huckling, will throw somo . 
light upon the variation of n with the p'ompressive load* 
Since n depends mainly on the state of the sheet cover- 
ing, and this state is materially influenced "by the com- 
pressive force, knowledge pf the functional connection be- 
tween n and the compressive force may he helpful in 
clarifying the 'role of the sheet in general instability. 

The fifth section of this report presents a detailed 
analysis, in the light of the theory of reference 3, of 
the experimental results obtained at C-ALCIT with 55 rein- 
forced monocoq^ue cylinders tested in combined bending and 
shear and described in reference 4, The main purpose of 
the analysis is to investigate the effect of a shear force 
upon the value of the parameter n. Simultaneously a con- 
venient semigraphi,c method of analyzing data of this kind 
is developed and presented. 

The fourth and sixth sections present incidental re- 
sults of the investigations, The theory developed in the 
former became necessary because it was observed that an 
accurate linear direct stress distribution in a bent mo- 
noooq_ue cylinder is not e&sily obtained in experiment, 
Oonseq^uently the effect of a deviation from linearity had 
to-be calculated. In the sixth -seotion an inequality is 
developed which permits a quick approximate determination 
as to whether a monocoq^ue cylinder is liable to fail in 
general instability. 

The' seventh and eighth sections compare theory with 
experiment. The ninth section contains the conclusions. 
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This inTestlgatlon, conducted s.t the Polyteohnic 
Institute of Brooklyn, was eponsored "by, and conducted 
with financial assistance from» the liTational Advisory Coja- 
uittee for Aeronautics. 



A crosB-seetio&al area of a stringer 

d stringer spacing measured along the eireuaif erens* 

S3. Toung^e modulus for the material of the ring 

Sgtr Young* 8 modulus for the material of the stringer 

h height of center of gravity of stringer cross 

section measured perpendicularly from its 
"base 

^cu sh iiioment of inertia of the curved sheet taken ah out 
its centroidal axis 

moment of inertia of ring section and its effec- 
tive vridth of sheet for hending in the radial 
direction 

Q moment of inertia of ring section without its ef- 
fective sheet for hending in the radial direc- 
tion 

Istr Istr r + (5/8)(l/n*> Ig^j, ^ 

Ig^j. Q moment of inertia of stringer cross section vith<- 
out its effectivo sheet for "bending in the 
radial direction 

Istr r moment of inertia of stringer cross section and 
its effective width of sheet for "beading in 
the radial direction 

^str t laoment of inertia of stringer cross section with 
Its effective sheet for "bending in the tan- 
gential direction 

^xx "^str o 
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Ivy moment of inertia of stringer cross section 

without its effectivft sheet for "bending in 
the tangential direction 

kj. proportionality factor in the expression for the 

'buckling of a circular cylinder loaded with 
uniform axial compreesion 

kg pi!Opo*tionallty factor in the expression for the 

■buckling of a flat rectangular plate loaded 
with uniform axial compression 

L total length of vave in the axial direction 

lix distance l^etween the rings measured axially 

along the cylinder 

m numli^r of rings included in the length L 

Hi, He H3,H4 functions of the parameter n associated 
with the determination of thfe strain energies 
stored in the rings and the stringers, and 
the external work 

n a parameter characterizing the shape of the ring 

deflection which is equal to the ratio of the 
total oircumferenee to that cut off hy the 
"buckling pattern, or tr/cpp 

P^j, load carried hy the most highly compressed 

stringer and its effective width of sheet at 
"buckling in pure "bending 

^er gi ^or ^^^^ pattern is general insta'bility 

Per u ^or when pattern is panel insta'bility 

pQr tot l*a^ carried 'by the most highly compressed 

stringer and its effective width of sheet at 
buckling in "bending and compression 

r the radius of the circular cylinder 

B a function of n similar to those denoted "by 

Hx» list and so forth 

S total num'ber of stlrlngers in the structure 

% the thiolsness of the sheet oovering 
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Uj. the strain energy stored in the rings 

^str strain energy stored in the stringers 

2w_„ effective width of curved sheet 

Wj. radial displacement of a point on a ring or a 
stringer 

tangential displacement of a point on a ring or a 
stringer 

W work done "by external load 

X ' coordinate measuring distance alon^ the axis of the 
cylinder 

y the distance hetween th» centroidal axes of the. 

stringer cross section alone and of the comliined 
stringer cross section and its effective curved 

sheet 

2a maximum deflection of the most compressed stringer 
of the most highly deflected ring 

Y factor in the formula for the critical strain for 

pure "bending 

AL change in. the distance "between x = 0 and x = L 
due to distortions 

Ayp shift in the center of gravity of the effective 
sheet due to its curvature 

e strain at the edge of a panel 

^max strain in the most compressed stringer at failure 

6 ' an angular measure 

X equivalent length factor defined hy equation (40) 

A "buckling index defined "by equation (39) 

Aq" reduced "buckling index where effective width of 
sheet and tangential moment of inertia of 
stringer cross section are neglected 

V compressive loac divided "by perimeter 
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t factor similar to Y 

an angular measure 
tf>^ angle defining end of the olroumf erential wave 

CALCin^XIOIf 07 7HS BT7CS:Z>IirG LOAD lit' COIfSIXTZP 
COUPasSSIQII AND B^STDIUO 



If upon a reinforced monocoque oylinder a oompres- 
sive Xoad 1$ aoting which, ie not sufficient to cause 
■buckling -"by itself, and a slowly increasing pure Tsending 
Qonent is applied, failure may occur in the forn of the 
invard "bulge type general instal3ility» She' calculation 
of the corresponding critical load can "be carried out in 
exactly the same manner as v&a done in references 1 and S 
for the case of pure hending alone. The huckled shape is 
assumed to satisfy the equations 



Wy s -(a/S) Cl-oos(2TTx/L)3Ccos(nq)) + cos(2nq(>)3 (l) 
B (a/3)Cl-rcos(2irx/L)3Cl/ii5sin(ncp) + (l/Sn) sin{3ncp> 3 <2) 



provided that 
where 
and 

radial displacement 
tangential displacement 



(3) 



n = -n/tp 



(4) 



a an indetermined parameter 

X coordinate measured along the axis of the oylinder 
Xi full Wave length in axial direction 
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cp coordinate i& the eireumf erentlal direotiOn 

(pQ half wave length (in radians) in the circuaf er ential 
direction 

B-n-^ations (l) and (2) are identical with ecLuations (62) 
and (63) of reference 1, She deflected shape is shown in 
figures 1 to 3 which correspond to figures 13 to 15 of 
reference 1, and to figures 3 to 5 of reference 3« 

She critical value of the hending moment is reached 
when the work done "by the direct stress, linearly dis- 
tri'buted over the cross sections at x = 0 and x «= L, 
is eq.ual to the. strain energy stored in the rings and the 
longitudinals, The strain energy is caused T>y the defleo'- 
tions Wj, and w^; while the work is the product of the 

afore-mentioned direct stresses hy the relative displace- 
ments of their points of application corresponding to the 
assumed pattern of distortions, Jn this "bu'^k.i.i.ng condi- 
tion the strain energy terms do not change hsoause of the 
added uniform compression. Shey are quoted here from 
reference 1 with some changes in the notation. She strain 
energy stored in the rings is 

Uj. * (3it/16) a= MsCm + l) (l/r )^3SyIj, (5) 

where 

Ka = 17n* - lOn + (2/n) (6) 

and m is the numher of rings that distort at huckling, 
r the radius of the cylinders, and E^tj. the "bending 

rigidity of a ring and the effective width of sheet at- 
tached to it. Equation (5) corresponds to equation (65) 
of reference equation (S) to equation (SOa) in refer- 
ence 1, and in a suhstitution use was made of the first 
of equations (11 ) in reference 3, Equation (5) is valid 
only if m Is an integer -greater than unity, The strain 
energy TTg^j. stored in the stringers is 

TTgtj, = 3TT'^a8H3(r/d)(l/l,= )B3trIstr • 

where 



K- « (1/n) 



(8) 
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^tr ' ^str r (5/8 ) (l/n*)!^^^ ^ (9) 

and 

d distanoe "between adjacent stringers measured along 

the circumference 

^Btr 'Young's modulus for the material of the stringer 

^8tr r ^str t ii^oments of inertia of the stringer 

section for "bending radially and tangentially » 
respectively, "both calculated with due con- 
sideration of the effective width of sheet 

Bq.uatlons (7), (8), and (9) correspond to equations (7 0), 
(80a), and (?0a) of reference 1. 

In the development of the expression for the work W 
done 'by the applied loads the procedure of section 18(c) 
of reference 1 can "be followed. If v denotes the uni- 
formly distriljuted compressive load applied to a unit 
length of the perimeter of the cylinder, the total load 
acting upon an infinitesimal length rdcp of the circum- 
ference "because of the simultaneous application of com- 
pressive force and "bending moment can "be writtenj with 
consideration of equation (?l) of reference 1, as 

dP 9 (P/d) ooscp rdcp + v rdjp (10) 

The shortening of the distance "between points x s d 
X s L lying on the same stringer ia 

61 » (1/4){tt*/Ii) oa[ooa(ncp) + cos(3nq>)3® 
+ (1/4)(tt=/L) aSC(l/n)sin(nq>)+ (l/2n)sin(2ft<¥>)3® (ll) 



The total work done "by the loads is, therefore^ 

nTT/n 

W = / V All C(l*/i)coscp + v3 ^<(> 

•-t-TT/n 

» (l/2)Tr^a3 (r/l) { (P/d) (Ki+R^ ) + nvC (l/a)+ (S/S ) (l/n^ ) j) (12) 
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where 



- Cl/Cl-4n'')3 9n*)3 - C^/^Cl - ISa^ >3| <14) 

Bauation (12) differs from the sum of ec^uations (76) and 
(78) of reference 1 only in. the term containing while 
ecLuations (13) and (14) are Identical v;ith eqtuatioas 
(76a) and (78a) of reference 1 (except for a printing 
error in the latter). 

As stated hefore, the "buckling condition is 

V = "^r + ^str <^S> 

She load P in the most highly stressed stringer on the 
ooLiriressioa side caused "by "bending alone will "be denoted 
by '. Pqj. if it satisfies equation (15), By writing P^j. 

for P in eq.uation (1B)» "by suhstituting the expressions 
of e(iuations (5>, (7), and (l2) into equation (15), and 
"by solving for Jpgyt there is obtained 

?cr * Ri)3 {<35g^j.Ig^j./Alit) C(3/8ir)Mm+ 1)^ 

+ 4Tr=MaA/(m+ 1)^3 - trv dK^j' (16) 
In this eq.uation. 

A * (r*/l?d) (E3tj.Igtr/Srtr) ^^'^^ 

is the nondimensional buckling index originally defined 
in equation (86). of reference 1« Moreover, is the 

distance between ad;|acent rings, and consectuently 
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L » (a + 1) (16) 

Al s o t 

« (l/n) + (5/8) d/n'') <19) 



Ih.© r-um"ber m of rings involved in "buckling is de- 
teriained from tlie requirement t^iat Pqj. must "be a mini- 

mum, Oonseq.uently the differential coefficient of T^^ 

vitli respect to m must vanish., BciuatlQn (16) may 1)6 
represented I37 the equation. 

* A l^aCm + 1)^ + fb/im + 1)*] - s| (a) 

Differentiating with respect to Cm + 1 )^ rather than to 
m, and equating the differential coefficient to zero re- 
sults in 

. (m + D* = (h/a) (tj) 
Suhstitution into equation (a) yields 

P^j. * A E2(aTj)^4 - B3 (c) 

With the actual ezpres&iona instead of the eymhole a, 
"b, A* and there is Cbtained 

- TTUd [M^/dli + (20) 

It was shown in, reference 3 (see equations (17) and 
(13)) that in very good approximation 

(TT/vi") i(n^ + ila)/(lIaHs)^''^3 = (l/a^) (21) 
'I'fith tlie aid of equation (21) it can Tie shown that in 
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j'ooa approximation. 

TT K4/(Mi + Rj) « 1 + (0,9/ii^) (23i 

After sevei^al tr$i,xisf ormations and. with 1>be ftld-of ^^jua- 
tions (31) and (32)^ equation (30) oan be written in the 
form 

This a:q.uation differs from equation (20) of- reference 3 
Only ia the tero containing ■o» It must 'be rememTaereoL^ 
however, that in it T^^^ denotee the coiapresBiTe force 

caused lay "bending alone in the most highly stressed 
stringeir brl the compression side* Xf "the total load 
^cr tot ca,used hy "bending and compresBion is required, 
vd must he aidded to the ralue of Per* Consequently, 

tot * ^ yt;^ IT"* ^2*^ 



Since the value of a usually ie eque.1 "to or greater 
than 3, it may he seen from equation (34) that the total 
load in the most highly stressed stringer in compression 
is little ch-anged if part of it is caused "by an external 
compressive load and part hy an external bending moment, 
instead of "being caused entirely by an extern&l hending 
monlent as in references 1 and 3. Thia statement is cor- 
rect only if the value of n is not affected hy the com- 
pressive load, Hovever, if the compressive load de- 
creases the shearing rigidity of the sheet, it is ex- 
pected that n, and consequently P^j, ^Q^t should de- 
crease, as was pointed out in reference 3. Consequently 
an experimental investigation of the inward "bulge type 
general instability in simultaneous hending and compres- 
sion should contribute to the clarification of the effect 
of the sheet on the buckling load. Such an investigation 
Is now b^ing carried out ta the Aircraft Structures Lab- 
oratory of the Polytechnic. Institute of Brooklyn.' Its 
results vrill form the contents of part II of this report. 
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THE BpyEOJP 03P A ITOHLIITSAE PIR3CT STRESS DISTSIBUTIOH 



The effect upon general instalJiXlty of a nonlinear 
stress distrfbution over the cross section of the bent 
monoDOque cylinder Is investigated in this section, The 
investigation was undertaken "because of the o^bservatlon 
that an accurate linear stress distrihution is not easily 
o'otained in experiment* It is desiraTile, therefore, to 
estalilish, at least approximately* the possible devia- 
tions from the theoretical "buckling load caused "by non- 
linearity. Moreover, it is likely that concentrated 
loads, cut-outs, and so forth may result in a nonlinear 
stress distribution in .an actual airplane the effect of 
which might "be a change in the load at which general in- 
stability would occur. 

The probable maicimum deviation can be easily deter- 
mined on the assumption that the com.pre88ive stress is 
constant over the region of the inward bulge ( |cpl ^cpg). 
In the calculation of the buckling load the strain energy 
terms remain unaltered, and are represented by equations 
(5) to (9), The work done by the external load can be 
recalculated upon replacing equation (lO) by the equation 

dp = (P/d)rd(p + Vrd (25) 
The effect of this change is to have 

TrC(l/n) + (5/8)(l/n^)3 = 71H4 

in place of (llj^ + 1,3^) in equation 12. Consequently the 

critical load acting upon the stringers on the compression 
side may be obtained by multiplying the right-hand side of 
equation (25) by 

(III + Ri)/ttM4 

Since according to equation (22) the preceding ratio is 
equal to 

I/CI+ (0,9/n«)3 
the critical load becomes 
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P 



l+(0.9/a^) 



Consequently the total "buckling load - cLue to "both bend- 
ing and compression - is given by the e<iuation 

n^ /d" ^V^str^gtr ^^r ^^^j 



or tot - i+(o.9/na) 7 Lj , 



In the case of pure "bending (v = 0) eauation (26) natu- 
rally reduces to eq.uation (27). It may "be seen that the 
deviation in the value of the critical load Pqj, from 

that corresponding to a linear stress distri"bution is 
small. In most oases n not "being less than 3 -the fac- 
tor [1+ (0,9/n®)] is not great<?r than 1.1, On the 
other hand, the change in the stress distr i"bution may 
cause n to "become smaller, in which case the' decrease 
in ■j?he value of P^j, would "be more pronounced-. 



Although from the preceding calculations it follovrs 
that a deviation from a linear stress distri"bution 
slightly decreases the maximum load in the most highly 
compressed stringer - that is, it decreases slightly the 
maximum compressive strain at "buckling - at the same time 
the critical "bending moment may even increase* With a 
linear stress distril^ution the "bending moment is 



«or 



3(Pc3./d)r^ / oos^cp Sep » Trr^(P^.r/d) (28) 



If the rather unreasona"ble assumption is made that 
the compressive stress is constant over one-half the 
cross section of the cylinder, and an equal constant ten- 
sile stress prevails over the other half* the "bending mo- 
ment hecomss 

4(pQj./d)r^ / coscp dqp = 4r'*( Poj./<i) (29) 



Therefore, the (quotient of the moments, for the same P^j*, 
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is 4/tt = 1,27 J while the q.uotient of the oritioal loads 
oorreapondirLg to constant and linear stress distribution, 
respectively, is 1«1« Hence the "bending moment at "buck- 
ling is increased in the ratio 1,16/1. With an assump- 
tion which restricts the constant stress to a smaller 
region, the increment in the value of the critical "bend- 
ing moment vrould "be even smaller* Of course, stress dis- 
tri"butions encountered in practice are always closer to 
linearity than the law assumed in the present calcula- 
tions. Consequently it is reasona'ble to conclude that 
small deviations from linearity slightly reduce the huclc- 
ling stress, "but hardly change the "buckling moment. 



ANALYSIS Off IHE RSSULTS 0? tPHE 00I3IiIEI> 3|!K35llSrff AJJD SH25.iS 
CABHISD CfUT IH TBB GUG-&SIilH3}ZH ASE017AIT!FIC LABOEATOEY 

Off THE OALIffOEUIA IZTSTIITJTE OP IBOHErOlOGY 
The Oom"bined Bending aad Shear Tests of &ALOIT 



rifty-rfive reinforced monocoque cylinders were tested 
in comhined "bending and shear in the Guggenheim Aeronautic 
LaTsoratory of the California Institute of Technology. The 
results of the tests were pu'blished in reference 4, which 
also contains a report on eight additional cylinders of 
varying length tested in pure "bending. In the present re- 
port all these test results are analyzed according to the 
theory developed in references 1 and 3. The main purpose 
of the analysis is to investigate the effect of shear upon 
the value of n, a parameter amply discussed in refer- 
ences 1 and 3 as well as in the preceding sections of this 
report. Simultaneously a convenient semigraphic method of 
analyzing data of this kind is developed and presented, 
and the effect of simplifying assumptions is investigated, 

figure 4 shows the monoooque cylinder and its details 
together with part of the notation used in this report. 
The stringers are of elliptic cross section. Their cross- 
sectional area A is 0.0334 square inch. The greatest 
moment of inertia 1 = 0. 000563 inch*, the smallest mo- 

ment of inertia 1^^^= 0.000374 inch*. The cross section 

of the rings is rectangular, 0,366 "by 0,0796 inch. Most 
of the cylinders are of l&-inch radius, the others of 10- 
inoh radius. All are covered v/ith sheet of 0,010-inch 
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thickness. The material is heat-treated aluninum alloy, 
presumaTsly 17S-T, The ring spacing varies from 1 inch 
to 8 inches, the nusiher of stringers from 10 to 40. 



Effective Width of Sheet 



In the calculation of the effective width SwQ^j^yg^ 
of a curved panel loaded uniformly in compression ^hner's 
suggestion is followed here as in reference 3, Substitu- 
tion of eq.uations (2413) to (24d) into equation (24a) of 
reference 3 gives: 

2wcurved = (l/e) (d/r) -|^0.3t + 1.535 [(t/dXer— 0,Zt)r^^f^^\ (30) 



This Is true as long as 



2wc-c^j:ved ^ ^ (30a) 

In this equation e stands for the strain in. the stringer 
at the edge of the panel. Since in the present analysis 
the effective width is calculated only in the most highly 
stressed region on the compression side* ^maz will he 
substituted for e in all numerical calculations, 

Bq_uation (30) is approximate since the value of the 
numerical coefficients vary, in general, with the geomet- 
ric and mechanical properties of the monocoque. Thus the 
factor 0,3 in the formula for the critical strain of the 
circular cylinder, equation (24d) of reference 3, may 
"better he approximated hy Donnell's formula (see sec, 22 
of reference l). Moreover, the value 3,62 assumed in the 
formula for the critical strain of a flat plate may devi- 
ate considerably from reality if the panels are short 
(the ring spacing is small) and if the stringers and 

rings provide much end restraint. In the general case 
equation (30) may he written in the form: 

Swcurved ' (l/e) (d/r) + "^i^ [ Ct/d) (cr - )^-S)^^^f^^^ C^^) 

In thiB equation represents the numerical coeffi- 

cient in the formula for the critical strain of the cir- 
cular cylinder: 
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^curved ' ka(t/r) (32) 

and kg the numerical coefficient in the formula ,for the 
critical strain of the flat rectangular panel: 

«flat = ka<*/^)^ C33) 

Tigure 5a is a plot of ^^cviTired. s^gainst e, calcu- 
lated from eq.uation. (30) for the case t = 0,01 inch and 
r = 10 inches, fhe figure contains a family of curves 
representing the effective width for cylinders having dif~ 
ferent numhdrs S of stringers. lE'igure Sh differs from 
figure 5a only in that the radius of the cylinder" r = 16 
inches* The curves show that the effective width de- 
creases monotonically with increasing strain, which is in 
agreement with expectation* 

lioments of Inertia of Stringer and Effective 

Curved Sheet Oomhinations 

(a) In the radial direction .- Since the effective 
sheet acting with the stringer is curved, its center of 
gravity lies a distance &yQ ahove the point of inter- 
section 0 of the median line of the curved sheet with 
the y axis. (See fig. 6.) iphis distance is given hy the 
expressions 

(w/r) 

cos e d e (a) 

-(w/r) 

where 8 is measured counterclockwise from the axis y-yi 
as shown in the figure* If terms of higher order are 
neglected, evaluation of ecuation (a) yields the close 
approximation for the shift in the center of gravity of 
the sheet due to its curvature J 

^yg = (2w)®/(24r) (h) 

fhe location of the center of gravity of the comTjina- 
tion of stringer and curved effective sheet now can he 
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determined. Talcing moments' aTsout x-3c, the horizontal 
axis through the center of gravity of the stringer alone, 

results in; 

y = (2i^t)Ch + {t/2) - &yo3/(A + 2wt) (c) 

Here h is the distance from the x axis of the point of 
intersection of the Tsottom of the stringer with the y 
axis, and A is the cr oss~sectional area of the stringer. 

The Element of inertia Iq^ gh of the curved sheet 
aliout its own centroidal axis is: 



,(w/r) 

^cu sh / (1-oos $)*dB - (2wt)CAyc)' 



-(w/ 



r) 

= C4/5)(3wt)(Ayg)'' (d> 

By the use of the parallel axis theorem the moment 
of inertia- Ig^r r °^ comTjination a"bout the centroi- 

dal axis through the common centroid can "be calculated: 

^str r= ^xx + (4/5)(Ayc)®(2wt) 

+ Ch + (t/2) - Aye - y]^(2wt) (e) 

In this equation is the moment of inertia of the 

stringer cross section aliout its centroidal axis, V7ith 
the aid of ea_uations C"b) and (c) equation (e) can "be re- 
duced to the form.: 

'[h+ (t/2) - [(3w)V(24r)])f^ 

I _ J ^. .\ , , , ,1 

str r - XX (l/2wt) + (i/a) 

+ (4/5)i:(2w)^/(24r)3^(2wt) (34) 

:Bq.uation (34) is plotted in figure 7 for "both cases 
r = 10 inches and r ^ 16 inches, The formula gives oor~ 
roct values for a flat sheet also if r is coiisidered as 
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increasing "besrond all 'bounds. A curve for this case is 
drawn for comparison. It shows that for large effective 
v;idth neglecting the curvature laay lead to definite de- 
viations from equation (54)* 

("b) In the tangential direction .- The com'bined moment 
of inertia of effective curved sheet and stringer for 
"bending a'bout the vertical axis can also he calculated hy 
simple integration, Trom figure 6i 

(w/r) 

(r sin 8) rtd 6 lyy (a) 

- vw/r) 




where I^y. is the moment of inertia of the stringer sec- 
tion ahout the vertical axis. Evaluation of the integral 
jrields the formula i 

Istr t ' (l/3)tr^[(2w/r) - sin(2w/r)3 (35) 

ffor practical purposes it is permissihle to expand the 
sine function in the bracket and to neglect all terms "be- 
yond the second* Ihus equation (35) reduces toJ 

Ig^j, ^ = lyy + (1/12) (3w)% (36) 

It is understood that it is arbitrary to calculate the 
tangential moment of inertia, assuming the same effective 
v;idth as that used in determining the radial moment of 
inertia. Although this procedure leads to unreasonably 
high values for Ig^r t wli©^. 2Wj.^j.^g^ is large, it is 

followed throughout this report, since no better approxi- 
mation is known at present. 

(c) Calculation of Istr-"* -^^ analysis Igtr t 

always appears multiplied by (5/8) (l/n^). This value is 
plotted in figure 8 for n = 3. If n is different, the 
correct value can be obtained by multiplying by the fac- 
tor (5/n)3. 

Equation (9) can nov/ be graphed, plotting 2wq^j.^q^ 

against Istr both radii r = 10 inches and r = 16 

inches taking n = 3. (See fig. 9,) 
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Effective Width of Sheet Acting with the Kings 

In all calculations the effective width of sheet 
acting with the rings is assumed to "be equal to 0,366 
inch, the width of the ring. This arbitrary assumption 
is made since it does not appear likely that much of the 
curved sheet would follow the deflection pattern of the 
ring; If it flattens and hends ahout its own centroidal 
axis, much less strain energy is stored in it than if it 
"bends atout the common centroid of the ring and sheet 
comhination. The actual deflection pattern, of course, 
corresponds to the least possihle strain energy. 



. The One-Q^uarter Power Law 

It V7as shown in reference 3 that the "buckling index 
A (given in eoLuation (17) of this report) is connected 
"by a quarter-power law v/ith the equivalent length factor 
X, which is implicitly defined "by the equation 

^^cr - "^Xtrlstr/^^I-i)^ ^37) 
The quarter-power law is 

v. 

X = (1/n) A (38) 

In the computations Young* s modulus was taken equal 
for all the materials of the cylinder. The simplified 
form of equation (l7) is; 

= (r*/Ltd)(latr n/lr> ^^^^ 

where the su'bscript n signifies that Igtr» con- 
sequently Ai depends upon the choice of the parameter 
n. Equation 39 is graphed in figures 10a and lO"b for 
r = 10 inches and 16 inches, respectively, and for differ- 
ent numbers of stringers. 

Transformation of equation (37) gives for X: 

X„ = ("n/l-i) E(l/£jBax)^str n/(A + 2wt)3 ^ (40) 
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Ihis equation Is represented "by the curves of fig- 
ures 11a and ll"b for r = 10 inches and r = 16 inches, 
respectively, and for different numbers of stringers. 
!I?hese graphs and equation (40) are useful in calculating 
the theoretical value of the equivalent length factor X 
if ^aax ^® known from experiment, 

Prom equations (S9) and (40) A and X were cal- 
culated on the assumption n = 3 for the 63 specimeLs 
investigated in this report. The logarithms of X are 
plotted against the logarithms of A in figure IS to- 
gether with the theoretical straight line representing 
equation (SS) for n = 3, The points in this graph are 
grouped and laheled according to the numher of stringers 
and the ring spacing of the test specimens. For instance, 
(12,4) refers to specimens having 12 stringers, and rings 
spaced 4 inches apart. The numhere written next to the 
points represent values of n calculated according to 
the procedure explained later. 

It may be seen that for a given r adius and for a 
given numlier of stringers S all experimental points lie 
ahout a straight line parallel to the theoretical one. 
This indicates that the actual value of n is approxi- 
mately constant and independent of the ring spacing. On 
the other hand, there is a marked increase in the actual 
value of n with increasing S, It was this fact that 
led to plotting the curves of figure 10 in reference 3. 
Thus, for instance, for r » 16 inches and S » 10, n is 
ahout 2,75*, while for r = 16 inches and for S = 40, ix 
is found to "be ahout 5. 



Determination of the Value of n 

The value of n can he calculated from equation (26) 
of reference 3. Substituting n for p and solving for 
n yields 



ns =, 



- 4 

3 *str r 



a 



(41) 



Y = (5/l6)(lst3, t/^^atr r> t*^^^ 



To facilitate the calculation of n, graphs of V 
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and Ig-tr s^^str r ^'^'^^ drawn against €mas» data 
being taken from the foregoing graphs. The Y ' curves 
are presented in figure 13a, the ^gtr s/'^-str r curves 
in figure 13"b. With the aid of these figures n can Tie 
easily calculated from eOLUation (41). 

It may be mentioned that a transformation of equa- 
tion (41) permits a further simplification in the calcula- 
tions* Ihe' second term on the right~hand side can 'oe 
written in the form 

^str 3 ^3 _ ^str 3^^ /l'ifl-)^Istr g/^etr r^ 

^3. ^stt r (tt/Li) Clstr s/ + 2wt) €max3 Istr r 

3y use of the identity 

S » 3Trr/d 

there. is obtained 

4 

^stp 3-^3 /.^^3^str 
* SLir^LeaaxU-*- 2wt)3^/L2Tr®lj.Igtr r3 = 1 Cmaac ^^3> 



In figure 14 | ^max/^i plotted against fijapx 

for r = 10 inches, The two curves shown correspond te- 
S a 13 and S = 24. ' 

Substituting back into equation (41) results in the 
following expression for n^ : 

= (Y^ + I eLx)"^^ - Y (-^Si 

Equation (43) is identical with the solution of the quad- 
ratic in n^ that is obtained from equation (20) of ref- 
erence 3 if the value of Igtr substituted and the 

equation divided by (A + 2wt)E. By using figures 13a 
and 14, the values of n can be calculated rapidly from 
equation (43), 



figure 15 contains values of n plotted against 
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^max specimens inrestigated in this report, 

She diagram shows that with each type of specimen in 
tests involving different ratios of Tjending moment and 
shear all test points ohtained lie on a curve resemhling 
a paraTiola. 

Ifamher of Rings Involved 

The num'ber m of rings involved in a wave at buck- 
ling can he calculated from etiuations (14), (iS), and (18) 
of reference 3: 

d = 2.84 - 1 (44) 

In this eq.uatlon. is the correct value of the eauiv- 

alent length factor. Since and n were calculated 

previously for all the specimens, a simple way of oh- 
taining is "by the use of the formula 

= C(2/n)(5/l6) (l3^^ ^/l^^^ 3) 

+ <Istr r/3:etr3)3''" <^5) 

The value of should "be an integer less than or eq_ual 

to the total num'ber of rings in the monocoque cylinder. 
If the value calculated from the formula is not an inte- 
ger, the closest in.teger should he used, Tahlo 1 con- 
tains the number m as calculated from eauations (44) 
and (45) with the aid of the graphs previously discussed. • 
It should be mentioned that cumulative errors in the nu- 
merical calculations easily may have the effect of shift- 
ing the closest integer value by 1. STevertheless the 
table shows that the number m of rings req^uired by the- 
ory v?as available in evory one of the specimens. 



Variation of n with 2w 

In figure 16 values of n are plotted against 

^max ^"^1 r = 10 inches and different values of 2v/, 

The curves v/ere calculated from eq\->ation (43). They were 
replotted in figure" 17 as n Re?,in.3t cw carves. jfor 
lovr values of the parameter ^ta-r- (corresponding to 
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low values of n) these curves are nearly horisontal from 
2w = 0 to 3w = 1; then they drop off considera'bly. 
However t as the parameter Increases, the curves slo^e up 
to a flat naximufi and then decline less rapidly than the 
curves Just discussed. In general » over the working 
range n changes only ahout 5 percent, harring the drop 
at low -values of tJie parame-ter* 

Hence it is logical to ciioose fiw = constant for 
all the specimens, for instayice, 2w = 1 inch, or possi- 
bly 2w = 0. If this is done, eq.uation (43) reduces to a 
simpler form which when solved for ^jaa.JC- yields the 
exTiression 

V 

« nCCn« - 2Y)/|3 ^ (46) 

max 

in which the symTaols Y and I have values defined hy 
equations (41a) and (42), respectively* These parameters 
may he calculated with the aid of any convenient assump- 
tion for 2w. 



She Effect of the Shearing Force 

In order to show how the shear force affects the. 
value of the parameter n, the calculated values were 
superimposed upon the line diagram of figure 10 of ref- 
erence 3 which represents the variation of n with two 
characteristic parameters in the case of pure hending* 
It may "be seen from figure 18 (or from tahle II) that the 
agresment is reasonably good* If "the four specimens' that 
failed according to the shear pattern and the onre that- 
fail^i in panel instability are disregarded, analysis of 
the test results gives the following datai 22 specimens 
deviated from the curves less than 5 percent; 17, between 
5 and 10 percent; 9, between 10 and 15 percent; 7, be- 
tween 15 and 20 percent; 1, 21 percent; and 1, 41 percent* 
Shis variation is more evident in figure 19 where the 
calculated n^s are plotted against the predicted n's. 

It may be seen from table II that the applied moment 
is approximately proportional to the number of stringers 
in the specimen, everything else being eq.ual, Ihis shows 
that the sheet carries comparatively little load* 

One of the ma.in objects of the present investigation 
was to determine the effect of the shear force upon the 
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Tsuchling load in general instaljility , The tiret group in 
"taljle II consists of four specimens kaving 10 stringers 
and a ring spacing of 2 inches. In this gpoup the "bend- 
ing moment at Tauckling decreases from 105,500 to 72,100 
inch-pounds as the arm decreases from 128 to 66,5 inches. 
In tha group containing the four specimens 122 to 125 
having 12 stringers and a ring spacing of 2 inches, the 
tendency is reversed. The "bending moment at huckling 
increases from 188,000 to 214,000 inch-pounds, vrhile the 
moment arm decreases from 113 to 40,5 inches, Considera*- 
tion of all the data reveals that hoth th^se tendencies 
are found in several of the groups; while in others ir-r 
regular oscillations or practically constant values pre- 
vail. Similar o^)servatiotts can he made concerning the 
variation of ^max« although the changes in these val- 
ues are much smaller, Oonseq.uently the only statement 
that can "be made on the- "basis of the present experiments 
is that the variation of the critical strain in general 
insta"bil.ity is little "but unpredictahly influenced hy the 
presence- of a shear force. 



SHB B"CJOKiiHsra iiraquAiii"? 



The airplane designer is interested in determining 
quickly whether the fuselage he has designed is likely to 
fail in general insta"bility , In the following an in- 
equality is developed which can "be used for this purpose. 

Su'bstitution of equation (38) into equation (37) 

gives 

^cr gi ""^^str^st 

JiL^i/A/^U (47) 

where the letters gi indicate that failure occurs in 
general insta"bili ty. If the letter p is used to indi- 
cate panel insta'bility , the following equation may "be 
written: 

I-cr p = "'^E^trlstr r/C^-i^)^ (4-8) 

where . is the effective length factor in panel insta- 

"bility. Its value must lie "between 1 and l/2; with 
stringers continuous through th-e rings it may be taken as 
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1/^/3. Obviously general instaljility will not occur if 

^'cr gi > Per p (49) 

Sutstitiitlon of eq.uations (47) and (48) into eq^uation (49) 
gives, after some transformations, 

^ dstr/lstr 

T)^n7.l (50) 

If inecLuality (50)' is satisfied, general instability will 
not occur. Unfortunately, however, the values of the sym- 
"bols appearing in ths ineq_uality are not too easily com- 
putect, since the calculations involve the assumption of n, 
and the suheeq^uent determination of the moments of inertia 
and of A with the aid of this assumed value. ^ simpler, 
though approximate, ineq_uality may he obtained in the fol- 
lowing manner: After substitution of A from equation 
(17), ineq_uality (50) can be transformed to read: 

CrV(I'?4)3(lgtr r/Ir^str^CSstr/^r^ < '^p <a) 

Since by definition Igtr r/^str Is less than unity, gen- 
eral instability is certainly impossible if 

[r*/l^d)3(Istr r/IrXBstr/Br) < n* A* (b) 

It follows from experimental evidence that n is very un^ 
likely to be less than 2.5, If n is assumed to be 2,5, 
and to be 2./^2, the right-hand side of ineq.uality (b) 

becomes approximately 10. Consequently the condition under 
which general instability cannot occur is the ineq.uality 

Cr*/(L=d-)3(EBtj,Igtr r/^rlr) < 1° (5l) 

In- this ineq.uality Igtr r should be calculated on the 
assumption of a reasonable value for the effective width 
S^curved* most oases correct results should be obtained 

even if the effective width is disregarded, since all the 
assumptions made in the development caused deviationB to 
thQ safe side. When the moment of inertia of the stringer 
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In the radial dii^eotion is computed without the effective 
width of sheet and the moment of inertia of the ring like- 
wiso, the loft-hand side of inoquality (5l) may ho called 
the reduced "buckling indes. With the so-calculated mo- 
ment of inertia denoted Igtr o> reduced 'buckling 
index Aq, ineq,ualit7 (51) may he written in the concise 
form 

Ao < 10 (52) 

vrhero 

Ao = CrV(l'!<i)3(SgtrIstr o/^t^t o) f52a) 

Inequality (52) is the condition under which general in- 
stahility cannot occur. It may "be used conveniently for 
the determination of the required size of the ring soc- 
tlon v;hen the other structural data of the monoooque cyl- 
inder are given. 

It is posslhle that experience with actual monocoque 
fuselages will permit raising the value of the right-hand 
side of inequality (52), perhaps to as high as 30, 

OOKPARISOII Off PR3DI0T1D AND BXPSRIM35HTAL 
ORITIOAL STHAIir 



In tahle III the experimental critical strain is 
compared with the critical strain calculated according to 
tho procedure dovolopo.d in this report and in roforonoo 3« 
In this proced\ire tho value of n is taken from the 
curves of figure 18 of this report (or figure 10 of ref- 
erence 3) corresponding to an assumed value of the criti- 
cal strain ^max dimensions of the monocoque 
cylinder, Then Pqj, is calculated from equation 
(24) of this report. It should he noted that the effec- 
tive width of sheet must he considered in the oaloulatioh 
of the moments of inertia, and that the value of v is 
sero for all the cylinders listed in tahlo III, Ihe 
strain ohtained "by dividing P^^, "by the •cross-sec- 
tional area of stringer plus effective sheet and "by 
Young *s modulus Is compared with the assumed value of 



EAOA TH So, 938 



28 



^max. procedure is repeated with a modified assump- 

tion of th.e value of the critical strain until assumed 
and Calculated values agroo closely enough for practical 
purposes. 

In the present case the actual calculations were 
carried out with the aid of figure 15 of this report 
which roprosonts a thoorotical relationship Tjotwoon * n 
and ^max* procedure then reduced to finding the 

value of emaz that was connected with the same value of 
n "both in figures 15 and 18, 

SChe accuracy of the predictions may "bo judged from 
figure 30 in which the calculated critical strain is 
plotted against the experimental critical strain. In 
judging the figure it should not ho forgotten that the ' 
theory does not take into account the offoct of the shear 
force. 



ATAILABIiS 22:pl!EIM;Sna?AL SVIDS^CS 07 IHS VALIDITY 
Ol !DEE BUOKLIl!r& lOQUALlTY 



. In talDle IV the value of the reduced "buckling index 
Ao is listed for cylinders Hos. 25 to 129 of the GALOIT 
investigations reported in references 2 and 4, In addi- 
tion, values computed for five actual airplane fuselages 
are given. 

It may "be seen that every specimen having a reduced 
■buckling index greater than 181 failed in general insta- 
hility (unless failure was duo to tension or shoar). 
Koreover, every specimen having a reduced huckling index 
smaller than 37,7 failed in panel instability, Inhere 
were too few specimens in the region hotwoon Aq - 1^ 

and Aq =! 200 to permit a final conclusion to he drawn 
concerning the valtie of Aq helow which general insta- 
bility cannot occur. 

It may he noted that four of the five actual air- 
piano fuselages listed have Ac values well holow 10 so 

that for these four general instahility is impossihlo. 
Per Lockheed Model 27, however. A© = 71, S8, This 
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airplane fuselage, therefore, may fail either in general 
or panel insta"bility. 



COUGLUSIOHS 



1, The total load carried "by the most highly com- 
pressed stringer, together with its offoctivo width of 
sheet, in a circular monocoq.ue cylinder loaded simultane- 
ously in hending and compression, can he vrritten in the 
form 



or tot 



n 




y^gtr^str^r^r 0. 9 



V d 



(24) 



It follows from eq.uation (24) , and from the experimental 
evidence according to which n is seldom less than 3, 
that the total huckling load P^j. is little influ- 

enced hy the ratio of "bonding moment to comprossiTO load 
as long as tho compressive load is so small that it does 
not change the inward hulge pattern, This conclusion is 
valid only if n is not influenced "by the compressive 
force. Vhether this is the case will he investigated 
experimentally and the results will he presented in part 
II of this report. 

2. If the direct stress distrihution in a hent cir- 
cular monocoq^ue cylinder deviates from the linoar law, 
the maximum effect upon the critical stress in the inward 
hulgo typo huckling is a reduction in tho ratio 1 to 

[1 + (0,9/n^)!]. Since n is seldom less than 3, tho ro- 
ductiou is slight. This conclusion, holds only if the 
change in the stress distrihution does not cause a change 
in the value of n. If the contrary is true, the effect 
may he greater, and the critical load must then he calcu- 
lated from eauation (2?). 

3. Investigation of the 55 reinforced monocoq.ue cyl-^ 
inders tested at G-ALOIT in comhined hending and shear 
shows roasonahle agreement with the theory of reference 3* 
The variation of the critical strain with shear force is 
slight and inconsistent. 
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4, A simple approximate formula is suggested for the 
use of the cLesignor to predict the likelihood of the oo~ 
ourrence of general insta"bility, and for the determina- 
tion of the moment of inertia of the rings required for 
excluding the possihility of general instahility. The 
formula is written as an ineq.uallty 

Ao < 10 (53) 
where the reduced- "buckling index 

Ao = Lr^/Cl.ia.)](3iBtrlstr o/^t^t o) ^53a) 



In. equation (53a) each symbol represente a simple geomet- 
ric or mechanical property of th© structure, so that tho 
reduced Tsuokling indos can "be easily calculated. If its 
value satisfies inequality (52) - that is, if it is less 
than 10 -« general insta'bility does not occur. It ia pos*» 
sitle that experience with actual monocoque fuselages 
will permit raising the value of the right-hand side of 
inequality (52), perhaps to as high as 30. 
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Spec. !Io. r hi d. (r^/L^d) ■ llype of f ailureK- 



'78 16 8 5.06 25.30 615 G 

79 16 2 5.06 1619 39350 G 

30 ^16 2 5 .06 ^1619 39350 .G 

81 16 2 5.06 1619 39350 G 

82 15 2 5.06 1619 39350 G 

83 16 A 10.12 101.2 39350 g 

84 16 2 10.12 809.5 39350 G 

8 5 1 6 2 10.1 2 8 09 . 5 39350 ^5 

86 16 2 10.12 809. 5 39350 G 
37 16 2 10.12 809. 5 39350 G 

88 16 4 5.06 202.4 4925 G 

89 16 4 5.06 202.4 4925 G 
90 ^16 4 5 . 0 6 2 02 . 4 4925 G 

91 16 4 5.06 202.4 4925 G 

92 16 8 5.06 25.3 515 G 

93 16 8 5.06 25.3 615 G 

94 10 S 2.62 7.454 181 P 

9 5 10 8 2 .62 7 . 45 4 1 81 G 

96 10 8 2.62 7.454. 181 G 

97 10 . 8 2.62 7-454 181 S 

98 10 4 2,i>2 59.64 1450 G 

99 10 4 2.62 59.64 1450 G 

10 0 10 4 2 .62 59 . 64 1450 S 

101 10 4 2.62 59.64 1450 S 

102 16 2 2.53 3238 76350 G 

103 16 2 - 2.53 3238 76350 G 

104 16 2 2.53 3238 76350 G 
105 16 2 2 .53 323s 76350 jS 

106 10 2 2.62 477.1 11600 Q 

107 10 2 2.62 477.1 11600- G 

108 10 8 2.62 7.454 181 G 

109 10 8 5-24 3.727 90.6 ■ G 

11 0 10 8 5.24 3.727 90.6 G 

m 10 4 5.24 29.82 725 G 

112 10 4 5.24 29.82 725 G 

113 10 4 5.24 29.32 725 G 

114 16 4 2.53 404.7 9840 G 
115 16 4 2.5 3 4 04.7 9840 G 

116 16' 4 2.53 404.7 9840 G 

117 . 16 4 2.53 404.7 9840 S 

118 10 2 5.24 238.5 5800 G 

119 10 2 5.24 238.5 5800 G 

12 0 10 2 5 ^.24 238. 5 5800 G 

121 10 2 5.24 238.5 .5800 G 

122 10 1 2.62 3817 92800 G 

123 10 1 2.62 38I7 92800 G 

124 10 1 2.62 3KL7 92800 G 

12 5 10 1 2.62 3S17 92800 G 

126 16 4 5.06 202.4 4925 G 

127 16 4 5.06 202.4 4925 G 

128 16 4 5.06 202.4 4925 G 
029 16 4 5-06 202.4 4925 G 



Lookheed Model 10 ,27 30 8 2.464 O.1308 

" n 12 30 24 6 9.766 0.5762 

" 14 35 24 8 13.63 0.9091 

" " 27 63 16 4 963.3 71.3s 

Douglas " DC-4 66-24 5.5 249.6 3.844 



* G means general, p panel instability, P/G start by panel and final failure 
by general instability. T indicates tension failure, S shear fallua?©. 
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FIG. 4. SCHEMATIC DRAWING OF MONOCOQUE CYLINDER 

THICKNCSS or SHEET t.^ .010 IN- 
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F!G.I2 -i^ POWER LAW 

FIRST NUMBER IN PAREMTHESB ISMUMBER Of STRINftERS, SECOND 15 RING fPACHW INWCHES. 
IHOIVIDUAL NUMBERS REPRESENT VALUES OFn CALCULATED FROM EXPERIMENT. 
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Figs. 16,17 
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Fig. 20 
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FIG. 20.- COMPARISON OF CALCULATED AND OBSERVED 

CRITICAL STRAIN. 



